Successful conservation requires that we identify factors affecting species co-occurrence in the wild and understanding the consequence for wildlife management. We investigated species diversity in Wanglang National Nature Reserve using camera traps. We conducted vegetation surveys and obtained topographic information at each camera trapping site. We determined the characteristic species of trees and wildlife at each site using PCA. Generalized Linear Models of the effect of landscape structure (including the terrain and vegetation) and co-occurrence of wildlife species on occurrence of characteristic species were compared. Model selection showed that the global model out-performed all other models. The effect of species co-occurrence explained the most variation in species occurrence, while terrain and dominant tree species also had explained a high proportion. The cooccurrence of wildlife is affected by the distribution of terrain-dependent vegetation and dominant tree species, especially in the case of arboreal animals, which implies a high degree of niche partitioning. In contrast, terrestrial animals are more affected by species co-occurrence. Obvious mutual exclusivity is shown between grazing livestock (e.g. the cattle) and medium-to-large mammals such as giant panda and tufted deer. This may be attributed to the complete niche differentiation between these species, and indicates the effects of anthropogenic activities on wildlife in the reserve. These results indicate that the maintenance of a complex landscape is helpful for maintaining diverse resources and niches for wildlife. Reducing or adequately managing grazing activity is urgent for protecting medium-and large-sized mammals in the reserve.
Introduction
Environmental factors, such as topographical features, soil properties, and water and light intensity are the main factors affecting species composition of communities (Li et al., 2011 Sharpe and Baldwin, 2013; Sellan et al., 2019) . Integrated effects of climate change and human disturbances on vegetation succession and ecosystem function have also impacted wildlife diversity (Mitchell et al., 2014; Ashton et al., 2015) . For example, climate change is a potential threat to giant pandas (Ailuropoda melanoleuca) and their habitats (Zang et al., 2017) . Anthropogenic activity such as deforestation, poaching, and livestock grazing, have led to dramatic decline of global and local biodiversity (Sala et al., 2000; Zhao et al., 2007; Kang et al., 2011; Hull et al., 2014; Tilman et al., 2017; Kühl et al., 2019) . Overuse of natural resources will lead to ecological imbalance, reduce biodiversity and impact conservation effectiveness (Mckee et al., 2004; Tang, 2005) .
The factors affecting wildlife activities are complex. A recent study found that slope, abundance of food resources (bamboos), and distributions of large trees are the main determinants for rest sites choice of giant panda (Kang et al., 2017) . The authors also emphasized the importance of terrain and resource distribution on wildlife activity. In addition, vegetation, which functions both as a food resource and as a shelter, and interspecific competition among wildlife will also affect wildlife behaviour and distribution. A recent study from China's Baishuijiang National Nature Reserve indicated that giant panda abundance was correlated with that of Chinese serow (Capricornis milneedwardsii) and Temminck's tragopan (Tragopan temminckii), but was less related to Chinese goral (Naemorhedus griseus) (Rong et al., 2019) . This shows that revealing interspecific interactions is also important for understanding species diversity.
The camera trap is a non-invasive sampling technique used to study the occurrence of wildlife (Carver et al., 2011; Li et al., 2014) . They can provide long-term and uninterrupted sample data (Nakashima et al., 2018) . The species occurrence records (SOR) could reflect the magnitude of wildlife movements (Stewart et al., 2018) , Examining the effect of landscape structure on species occurrence records (SOR) will improve our understanding of the use of space by wildlife. Estimating the relative abundance and density of wildlife populations, as well as analyzing the rhythm of species activity, provides important information for conservation management (Tobler et al., 2013; Alexander et al., 2016; Tian et al., 2018) .
Interactions between terrain, vegetation, and co-occurring animal species on wildlife activity are particularly rarely understudied in Asia. In this study, we attempt to find the key factors determining the co-occurrence of wildlife in the Wanglang National Nature Reserve (WLNR), Sichuan Province, China. WLNR is one of the oldest nature reserves in China, and is home to many rare species (e.g. giant panda, Chinese serow, Asiatic black bear (Ursus thibetanus), leopard cat (Prionailurus bengalensis), Sichuan takin (Budorcas tibetanus), golden snub-nosed monkey (Rhinopithecus roxellana), blood pheasant (Ithaginis cruentus), Temminck's tragopan, etc.). The undulating terrain and complex vegetation harbors abundant wildlife.
In this study, we asked the following questions:
(1) what is the key factor affecting the spatial distribution of trees? Is it the geographic factor (longitude, latitude, altitude, slope, aspect) or associated tree species? (2) What is the key determinant of the occurrence of wildlife in WLNR? Is it the geographic effects, vegetation effects, or interspecific interactions? (3) Has livestock grazing affected wildlife diversity?
Materials and methods

Study site
The Wanglang National Nature Reserve was established in 1965. It is located in the northern part of the Minshan Mountains, and has a total area of 32,297 hm 2 (Zhao, 2013) . The altitude ranges from between 2300 and 4980 m above sea level. According to the climate records since 1960 to 1990 available from WorldClim (http://www.worldclim.org/bioclim), the annual mean precipitation and the annual mean temperature of thirty-three study sites was 752.8 mm (range from 730.3 to 779.6 mm) and 5.24 C (range from 3.80 to 6.48 C), respectively (Table S1 ). It is a global biodiversity hotspot (Myers et al., 2000) and contains abundant wildlife, including about 28 wild giant pandas (Kang et al., 2017) .
Sample survey and camera trap monitoring
Thirty-three study sites were selected between 2640 and 3204 m above sea level according to topography and the characteristics of the forests ( Fig. 1 and Table S1 ). The distance between two sites was not less than 100 m. A landscape survey was conducted in each site using a 20 m Â 20 m quadrat. From this quadrat we collected geographic data (the latitude, longitude, altitude, slope, and aspect) and vegetation data (tree composition and canopy density, shrub coverage and herb coverage, bamboo coverage, and proportion of young bamboo).
An infrared automatic camera (Ltl AcornTM 6210) was set at each study site from July 2017 to May 2018. The camera location was selected based on the presence of paths with animal signs, and the camera was fixed on a tree or bamboo bush 30e80 cm away from the ground to give a relatively wide field of view, and then adjusted the lens to the right angle. The shortest distance between any two cameras was kept above 100 m to ensure the independence of the photos captured (Hu, 2013; Li et al., 2016) . We were not able to identify individuals from our camera data. To avoid the duplication of records, we counted one capture of a species within 30 min as an independent event (Ohashi et al., 2014; Li et al., 2016; Gray, 2018) .
Factors affecting the composition of forest tree species
In order to describe the tree species composition of forest community, the data matrix of relative species abundance (RA) in the study sites was converted to the linearly uncorrected variables using the principal component analysis (PCA). To simplify the data matrix of transformed linearly uncorrected variables (i.e. principal components, PCs), the first three PCs (i.e. PC1~PC3) were retained to represent the tree composition of this forest. Four species with higher eigenvalues in the eigenspace formed by the first and second axes with the highest interpretability were designed as representative tree species of the forest. Representative species denote the species that can best represent the group of species within a community and the habitats they associate with. A generalized linear model (GLM) was then used to verify whether the geographic effect and the associated tree species affect the RAs of each representative tree species, in which the RAs of four representative tree species were set as the responses and the position (longitude and latitude) and vertical (altitude) spatial distribution, terrain (aspect and slope), and the associated tree species (PC1~PC3 of tree species) were set as predictors. A hierarchical model test was conducted to test the horizontal spatial effect, geographic (horizontal þ terrain) effect, and full model (geographic þ treespecies associated trees) in GLM using a likelihood ratio test (LRT).
We further performed distance-based redundancy analysis (dbRDA) to estimate the explanatory proportion of these factors on the forest composition in 999 permutations by package vegan in R. Data matrix of RA of trees was transformed into a Bray-Curtis distance matrix for dbRDA. Longitude, latitude, altitude, aspect, and slope were set as geographic predictors, and the first three PCs of trees were set as the associated-tree factors. The post hoc type-II ANOVA was conducted to test the significance of each explanatory variables.
Factors affecting species occurrence
To understand the situation of wildlife activity in the sample area, we set up automatic cameras to record species occurrence. In addition to comparing and analyzing the total number of wildlife occurrences in each sample area, the accumulated occurrence records were binned monthly because the activity time of each wildlife species is non-uniformly dispersed through time. The annual and monthly records are defined as the Annual Species Occurrence Records (ASOR) and Monthly Species Occurrence Records (MSOR), respectively.
We used PCA to describe the distribution of ASOR and identified the representative wildlife species in each site. Model selection was performed using LRT to find the best GLM model to predict the ASOR in the same manner as described above. Geographic factors, vegetation factors, and co-occurring wildlife (PC1~PC3 of ASOR) were set as predictors. Additionally, for considering the time of wildlife activities, we performed dbRDA to examine the proportion of explanatory variations of MSOR were explained by geographic, temporal (month), and vegetation effects and the co-occurred wildlife. Bray-Curtis distance was used to transform the MSOR data matrix and 999 permutations were conducted in dbRDA. We selected forest density, first three principal components of forest composition, herbaceous and shrub coverages, bamboo density, and proportion of bamboo seedlings in the representative indices of vegetative effect. The longitude, latitude, altitude, aspect, and slope were chosen to represent the geographic effect. The significance of each explanatory variable was tested by a post hoc type-II ANOVA. Cattle is livestock occurring as a kind of grazing disturbance, which is one of the seven representative species inferred by high explanatory loadings in PCA (see results). To understand whether cattle activities promote or interfere with other wildlife, linear regressions were conducted between occurrence records of cattle and all wildlife and between cattle and the other six representative species. The effect of cattle activities was also examined to the occurrence of giant pandas, the umbrella species of this Nature Reserve. All of the analyses were conducted in R.
Results
Representative species in the nature reserve
We recorded 20 species of trees, belonging to 9 orders and 11 families. 48 species of animal were captured, including 20 mammals and 28 birds. They belong to 10 orders and 23 families. The PCA results show that the first three PCs explained 69.24% of the variation in forest tree composition. Acer longipes, Abies faxoniana, Betula albo-sinensis, and Betula platyphylla had relatively high loadings on the first three PCs and were considered representative of forest tree composition ( Fig. 2a ). The first three PCs of the ASOR data explained 71.44% of the variation in wildlife presence. Seven animal species (Elaphodus cephalophus, Ithaginis cruentus, Zoothera dauma, Garrulax elliotii, Tamiops swinhoei, Tarsiger indicus, and Bos taurus) revealing high explanatory loadings were regarded as representative species (Fig. 2b) .
Factors affecting tree species composition
Null models and single-factor models were rejected by the full models for explaining the RA of all four species. This shows that the best predictions will be obtained by considering all factors (i.e. spatial distribution, terrain, and associated trees, Table  1 ). In the full model GLM, the PCs of trees had a significant effect on the RA of all four representative trees (Table 2) . Slope was found to significantly affects Ac. longipes, Ab. faxoniana, and B. platyphylla, while altitude significantly predicted the RAs of Ac. longipes, Ab. faxoniana, and B. albo-sinensis (Table 2) . The results of model selection and GLM were verified by the dbRDA: all factors significantly contribute to explaining variation in RA of tree species (Table 3) . Among the factors, tree species (tree PC1~3) accounted for 46.7% of variation explained, slope accounted for 10.2%, and elevation accounted for 7.6% (Table 3) . These results show that horizontal spatial distribution has a low impact on forest species composition, while terrain and associated tree species have a significant and decisive impact on tree species composition.
Factors affecting wildlife occurrence
The null model could not be rejected by any model describing single or various combinations of geographical factors and tree species compositions (Table 4 ). Only when full models are added did null models and other simpler models perform comparatively poorly (Table 4 ). This result indicates that wildlife interaction plays an important role in species presence. This is verified by the summary statistic of the full-model GLM, which shows significant effect of ASOR PC1 and PC2 on wildlife activities in all representative animals, and of ASOR PC3 on four species (I. cruentus, G.elliotii, T. swinhoei, B. taurus) ( Table 5 ). Tree PC2 also had a significant effect on four wildlife species (Z. dauma, G. elliotii, Tar. indicus, and B. taurus), indicating the effect of tree community composition on wildlife. For the MSOR of all wildlife, all constraint factors significantly explain 37.1% of variation in wildlife occurrence patterns. Wildlife PC1~PC3 explained 21.9% variation in MSOR, while tree PC2 explained 1.1% (Table 6 ). The result of dbRDA is in agreement with the speculation that the species co-occurrence is crucial to wildlife activities. Particularly noteworthy is the impact of time. Time effect is small but significant (0.7% explanatory variation, P ¼ 0.008), suggesting that although species occurrence is time-affected, the amplitude of impact is still less than that of topography (1.0%, 1.5%, and 1.4% for altitude, aspect, and slope), vegetation (8.7%) and the co-occurring species (21.9%) ( Table  6) .
We found that despite slight fluctuations in the ASOR in regions with low shrub and herbaceous coverage, shrubs and herbaceous vegetation do not significantly affect the ASOR, unlike trees and bamboos. The frequency of occurrence of most species increased when there were >10 trees per quadrat (20 m Â 20 m), but did not continue to increase with tree abundance, reaching a downward trend at > 15 trees per quadrat, with the exception of T. swinhoei (Fig. S1 ). The terrestrial bird I. cruentus favors environments with a slight slope and high tree species richness. Giant panda tends to occur in relatively flat environments, with slightly lower tree species richness (richness ¼ 2) and abundance (8e9 trees per quadrat), and higher bamboo density and young bamboo abundance. Interestingly, other wildlife (except E. cephalophus) tended to occur in regions with poor bamboo regeneration rate, i.e. low abundance of young bamboos (Fig. S1 ). This shows that most animals and giant pandas occupy different niches with regards food resources and space utilization. 
Impact of grazing
Domesticated cattle (B. taurus) were one of the representative animals ( Fig. 2b) . Cattle ASOR is positively correlated with the ASOR of all wildlife (t ¼ 4.726, P ¼ 4.70e-5). Among six other representative animals, we found that there was a significant (Fig. 3) . However, such significance was not found in blood pheasant (I. cruentus, t ¼ 1.512, P ¼ 0.141) and tufted deer (E. cephalophus, t ¼ 0.495, P ¼ 0.624). We also examined the activity of cattle and giant pandas, the umbrella species of the Nature Reserve, and found no significant linear relationship between the activities of these large animals (t ¼ À0.648, P ¼ 0.522, Fig. 3 ).
Discussion
The emergence of species determined by coexisting species may be attributed to niche partitioning
Our integrated assessment indicates that co-existing species and terrain play crucial roles in shaping patterns of species diversity in both trees or wildlife. Previous studies have mostly emphasized environmental heterogeneity on the occurrence of wildlife, especially the vegetation distribution and resource availability (Rogers and Myers, 1980; Johnson et al., 2004; Wangdi et al., 2018; Yuh et al., 2019) . Some studies discussing species interactions also emphasize competition for limited resources (e.g. Dubowy, 1988; Marshal et al., 2008; Morelli and Tryjanowski, 2015) . Our research points out that the frequency of species occurrence is likely to be directly affected by activities of other animals, and such species co-occurrence or exclusion is likely conducive to niche partitioning and avoiding excessive competitive pressures due (Rich et al., 2017; Weyde et al., 2018) . Particularly noteworthy is the effect of such interspecific interaction on species coexistence, not only among wildlife, but also in the distribution of forest species. This suggests that niche partitioning is critical for habitat selection of forest organisms.
The inference of niche partitioning is also supported by the significant effect of time on wildlife occurrence, that is, different animals use the resources provided by forests in different seasons. Nevertheless, the regression coefficients for time were not large (0.7%, Table 6 ), which shows that the trend of wildlife activities in a year is still mainly affected by topographic factors. This may be because the spatial scale of this study is not large enough to reflect species migration with seasonal resource changes. However, the spatial-scale effect on the estimation of richness tends to be smaller than the density of a single species population (Gestich et al., 2019) . Our estimates of species richness are therefore more reliable than estimates of abundance.
Terrain is the key abiotic factor affecting forest species diversity
Although species interactions affect co-occurrence, external factors, such as topography and vegetation, also constrain and select for occurrence of different organisms. For instance, the difference of temperature and precipitation along altitudes, the different light intensity at different aspects, and/or the selection of trees with different rootholds by the slope gradient may cause uneven spatial distribution of vegetation and wildlife. Many studies have shown that debris flows, landslides, and even earthquakes directly affect the topographic and geomorphological changes of WLNR, and thus change the local vegetation composition (Wang and Li, 2008) . Previous studies have indicated that the landslides caused by earthquakes have caused severe loss of tree and shrub coverages, and that some species (e.g. giant panda) did not use habitats with low-shrub coverage and low tree and bamboo density (Wang and Li, 2008; Kang et al., 2014) . Our study shows that terrain affects forest tree composition, while terrain and tree composition also affect the local-pattern and process of wildlife, e.g. species interaction, movements between patches, resource availability, etc. This not only supports the above conclusion, but also emphasizes the importance of landscape and vegetation integrity for the conservation of wildlife diversity.
Forest tree species have great influence on arboreal animals (e.g. birds)
There is an old proverb in China: A smart fowl perches only on a fine tree (which means that excellent people tend to live in a good environment). This is also true in our case. Arboreal animals are the ones that will be most affected by the species composition of tree communities (Table 5 ). This indicates that arboreal birds have a high degree of selectivity for microhabitats. The tree species related to these arboreal birds are mainly the species associated with the second PC (Ac. longipes and B. albo-sinensis, Fig. 2 ). From the ASOR data, the eigenvectors of these arboreal animals point to similar dimensions in the PCA (Fig. 2b) , indicating a similar trend of occurrence of these species throughout the year. However, the eigenvectors of the tree species where these arboreal animals occur (i.e. Ac. longipes and B. albo-sinensis) point in the opposite direction ( Fig. 2a) , indicating the importance of habitat differentiation to the spatial allocation of co-occurring arboreal animals. It also highlights the importance of forest tree diversity for wildlife's habitat selection.
In addition, some sampling locations had a high species richness, while others contained very few species. These hotspots and coldspots may lead to a higher rate of false positives when investigating species co-occurrence rates. However, the preferences of most species for specific locations or environments will cause mutual interference (both positive and negative). This over-centralized space utilization driven by resource distribution and the environment may result in higher pressures for space competition or space partitioning in wildlife with a narrower range of activities. In other words, species with a limited range of activities will have higher resource niche differentiation to reduce competitive pressure, which also explains why species of forest trees have a more significant impact on the emergence of arboreal birds and squirrels, which have smaller territories than giant pandas and tufted deer.
Effects of grazing on vegetation distribution and disturbance to wildlife
The occurrence of terrestrial birds (I. cruentus) and tufted deer (E. cephalophus) that feed on shrubs or herbs is less explained by tree species composition, and only the ASOR significantly predicts their occurrence (Table 5 ). This result indicates that terrestrial wildlife is more susceptible to another animals' activity. Therefore, the introduction of other species (such as cattle) in the WLNR region may interfere with terrestrial wildlife. Cattle is representative of grazing disturbance intensity in the WLNR. The linear regression shows a significant positive correlation between cattle and three species of arboreal birds. Despite being arboreal, these bird species use the ground as refuge or for foraging (Dinata et al., 2008) . We suspect that cattle presence may drive away the natural enemies or competitors of these arboreal birds.
It is worth noting that giant pandas are susceptible to the presence of other animals, especially cattle. When examining the data carefully, we can see that the non-significant correlations of cattle with both giant pandas and tufted deer are due to the fact that most automatic cameras that recorded cattle did not capture giant pandas or tufted deer, and vice versa (Fig. 3 ). This means that the territories of the larger species do not overlap with cattle grazing areas. These results imply that expansion of grazing activity reduces the home ranges of the giant panda and tufted deer (Fig. 3beh ). Previous studies have shown that wild giant pandas rarely use habitats with high grazing disturbances (Ran et al., 2003) . Livestock incursions have reduced 34% of the area of wild giant panda habitat in the WLNR . This has also been documented with tufted deer, which shares much of its range with the giant panda . A recent study has indicated that the home range of giant panda is larger than previously thought (Qiao et al., 2019) . However, the rescue effect of metapopulations is still limited by environmental factors (such as the limiting factors of slope and bamboo density) (Armsworth, 2002) . Therefore, timely intervention and management in grazing activities in WLNR is necessary for wildlife conservation.
Conclusion
The relationship between wildlife and their environment is always inseparable in the wild. Our results indicate that the external environment plays a crucial role in shaping the distribution of forest species. We showed that terrain is the main factor affecting the distribution of forest trees, which also determines the occurrence of wildlife, especially of arboreal animals. Interspecific interactions determine the co-occurrence of wildlife. Similarly, the distribution of territorial animals is more obviously impacted by interspecific interference.
The wildlife diversity attributes to the complex landforms and diverse vegetation. Afforestation efforts should avoid monospecific forest stands and fully consider the interaction between local forest tree composition and wildlife. Grazing activity has an integrative impact on wildlife occurrence, particularly on medium-and large-sized mammals (e.g. giant panda and tufted deer). As an umbrella for other wildlife, giant pandas are more sensitive to grazing disturbances. Therefore, conservation of giant pandas and other species in the nature reserve not only requires restoring populations and habitat protection, but also reducing grazing and changing to intensive animal husbandry. In addition, since wildlife occurrence was influenced significantly by species interactions more than by the effect of a single umbrella species (i.e. giant panda in this case), we argue that reserve design should include a consideration of a combination of multiple umbrella species rather than a single. We suggested comprising both forest plants and wildlife with higher sensitivity to environmental change and interspecific interactions. The view of umbrella combination could be a reference in planning conservation strategy.
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